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This study used the guinea pig keratoconjunctivitis model to examine the importance of route of adminis-
tration (mucosal versus parenteral), frequency and timing of immunization (primary versus boosting immu-
nization), and form of antigen given (live attenuated vaccine strain versus O-antigen—protein conjugate) on the
production of protective immunity against Shigella infection. Since local immune response to the lipopolysac-
charide (LPS) O-antigen of Shigella spp. is thought to be important for protection against disease, O-antigen-
specific antibody-secreting cells (ASC) in the spleen and regional lymph nodes of immunized animals were
measured by using an ELISPOT assay. Results indicated that protective efficacy was associated with a strong
O-antigen-specific ASC response, particularly in the superficial ventral cervical lymph nodes draining the
conjunctivae. In naive animals, a strong ASC response in the cervical lymph nodes and protection against
challenge were detected only in animals that received a mucosal immunization. Protection in these animals was
increased by a boosting mucosal immunization. While parenteral immunization alone with an O-antigen—
protein conjugate vaccine did not protect naive animals against challenge, a combined parenteral-mucosal
regimen elicited enhanced protection without the addition of a boosting immunization. Although O-antigen-
specific serum immunoglobulin A titers were significantly higher in animals receiving a mucosal immunization,
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there was no apparent correlation between levels of serum antibody and protection against disease.

Shigellae are enteric pathogens that invade the human
colonic cpithelium and multiply intracellularly. causing bacil-
fary dysentery. Shigelfosis is particularly prevalent in develop-
ing countries. but it is also found in industrialized countries,
especially in institutional settings. It has been estimated that
shigellosis is responsible for more than half a million deaths a
vear. mostly in young children (38). making the development
of a safc and cffective Shigella vaccine an important goal.
Epidemiological evidence has indicated that naturally acquired
immunity to shigellosis is species and serotype specific (2.9, 12,
17. 26), and there is also evidence that the presence of serum
antibodics against the lipopolysaccharide (1.PS) O-antigen are
associated with protection against discase (2. 3. 5). Thus. the

LPS O-antigen may be a critical antigen in the development of

protective immunity against discase.

f.ocal immunity is thought to play an important role in
defense against bacterial enteropathogens Jike shigeliae that
infect mucosal surfaces (19, 20). After carlier studics demon-
strated that parenteral immunization with live or killed shigel-
lac did not protect against infection (1, 18, 37). recent efforts
have emphasized the development of orally administered
attenuated vaccine strains to induce mucosal immunity to
Shigella antigens (9. 10, 21, 24-27). Although scveral candi-
dates have shown promise, the development of a sale and
cfficacious Shigella vaccine has been a difficult task. Therefore,

* Corresponding author. Mailing address: Department ot Enteric
Infections, Walter Reed Arimy Institute of Research, Wailter Reed
Army Medical Center. Building 40, Washington, DC 20307-3100.
Phone: (202) 376-3792, Fax: (202) S76-074K.
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maximizing the protective immunity produced by a vaceine
against shigellosis is crucial.

The ability of shigellae to invade the cornead epithelia of
guinca pigs and to spread to contiguous cells. causing kerato-
conjunctivitis. provides a model system to test the virulenee of
Shigella strains and the protective efficacy and immunogenicity
of Shigella vaccines (16, 30). In the present study. the guinca
pig keratoconjunctivitis model was used to examine the effeet
of route of administration (mucosal versus parenteral). fre-
quency of immunization (primary versus boosting immuniza-
tion). and form of antigen given (live attenuated vaccine strain
versus OQ-antigen~protein conjugate) on the induction of pro-
tective immunity against discase in naive animals and 10
examine the relationship of the serum and local immune
responses generated by immunization to protection. Holmgren
et al. (19) proposed that determination of the antibody re-
sponse against protective antigens at the mucosal site of
antigen stimulation may represent & more accurate represen-
tation of the local immunc response than the measurement of
antibodics in body fluids where degradation and half-lite of
antibody molecules influence the accuraey of analyses. Mea-
surement of antibody-seercting cells (ASCY in regional lvmph
nodes or mucosal tissues has been used in a variety of systems
to determine the local immunce response to a specific antigen
and has been shown (o corrclate with levels of seerctory
immunogiobulin A (sceretory TgA) (8,13, 28032) In this study.
the local immunce response to the LPS O-antigen induced by
immunization was determined by measuring the O-antigen-
specific ASC in the regional lymph nodes draining the eve. the
site of immunization and infection, and in the spleen. Pever's
patches. and other lymph nodes by using the enzvme-linked
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immunospot (ELISPOT) assay. The scrum antibody response
to the O-antigen was determined after immunization. In
addition, since previous experiments have suggested that par-
enteral priming followed by mucosal immunization enhances
the mucosal response to Shigella antigens (22). studies were
designed to test whether combination regimens increased the
protective efficacy against discase.

MATERIALS AND METHODS

Bacterial strains and vaccines. The virulent strain Shigella
flexneri serotype 2a 2457T was obtained from the Walter Reed
Army Institute of Research collection and used to challenge
guinea pigs. When used for challenge. the strain was first
streaked on Congo red plates (.01 Congo red dye [Difeo
Laboratories, Detroit, Mich.] in Trypticase soy agar (Difco):
Congo red-positive colonies were then selected and spread for
growth on Trypticase soy agar plates and grown overnight at
37°C. Samples were harvested the next day with 10 ml of
phosphate-buflered saline (PBS). and the suspension was used
for challenge. The inoculum was determined by colony counts
on Trypticase sov agar plates. Vaccine strain EcS{2a-2 is an
aroD-deleted  Escherichia coli-S. flexneri 2a hybrid vaceine
carrying Shigella chromosomal and plasmid genes in an £, coli
background (27). The vaccine lot used in this study was
prepared by the Salk Institute (Swift Water. Pa.) as described
previously (16). For immunization, lyophilized bacteria were
rehydrated in 5 ml of sterile distilled water and kept on ice for
30 min with repeated swirling. The polysaccharide-protein
conjugate vaccines (3, 34, 35) used in this study were a
generous gift of John B. Robbins, National Institute of Child
Health and Human Development, Bethesda, Md. The vaccine
directed against homologous shigellae consists of the O-
specific side chain of 8. flexneri 2a conjugated to Pscudomonas
aeruginosa exoprotein A (50 wg/mi). The heterologous vaccine
used in this study consists of the O-specific side chain of
Shigella sonnet conjugated to P aeruginosa cxoprotein A (5()
wg/ml). The nonshigellae control used in this study was Preu-
mococeus type 6A polysaccharide conjugated to tetanus toxoid
(100 pg/ml).

Immunization regimens. Vaccination regimens were varied
by route of administration and the frequency and timing of
immunization. as shown in Table 1. In cach immunization
group, there were 4 to 16 animals, as shown in Tables 2 o 4.
The hybrid E. coli-S. flexneri 2a vaceine strain EcSf2a-2 (27)
was administered by & mucosal route, i.c.. ocular inoculation,
by using a primary immunization only. as in protocol M, or
primary and boosting immunizations, as in protocol M-B. A
polysaccharide-protein conjugate vaccine consisting of S, flex-
neri 2a O-antigen conjugated to P acruginosa exoprotein A (3,
34, 35) was administered intraperitoncally (i.p.) by using
aluminum hydroxide as the adjuvant. cither in a single dose
(protocol IP) or with two boosting doses (protocol 1P-B). Two
combination parenteral-mucosal regimens were tested (proto-
cols IPM and IPM-B. which included a boosting dose of
EcSf2a-2). Nonimmunized ammals were used to determine
background readings (protocol NC) and as controls in protec-
tion experiments. Immunization with an unrelated polysaccha-
ride conjugate (protocol IPC), Preumaocaoccus type 0A polysac-
charide conjugated to tetanus toxoid, was used as a control to
ensure that nonspecific immunity induced by administration of
a polysaccharide conjugate was not responsible for protection
against virulent challenge or for the local immune response to
Shigella O-antigen. To determiine whether the priming influ-
cnce of the parenterally administered O-antigen-protein con-
jugate was the result of serotype-specific stimulation, a hele -
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TABLE [ Immunization protocols

Sceond booster
mmumizition

First booster

Prinury immunization )
: immunizition

Protocol

Vaceine route? [RHISN v 'le.'k‘lllt.' Phavs Vacine Dinns
route : route

NC Nonimmunized
M ES-OC 0.2.4
M-B 1S-OC 2.4 ES-OC 14015
IPM 2a-1P {0

ES-OC 24
IPM-son son-1P ]

ES-OC 2.4
IPM-B 2u-1p 0 ES-OC 1415

ES-OC 24
P 2a-1P 0
IP-B 2u-1P 4] 2a-1P 14 2a-IP 28
PC Pn-1pP 0 Pa-1P 14 Pn-1pP A
M-B(a) ES-OC 0.2.4 LS00 14
IPM-SC 2a-SC {)

ES-OC 2.4
IPM-B-SC 2a-5C 0 ES-OC 14

ES-OC 2.4
1P-SC 24-8C 0
1P-B-SC 24-8C [} 2a-SC 14
MIP-SC [5-0C (02 20-8C 14

CES-OC, hybrid F.ocoli-S. flexneri 2 vaccine strain BeS2a-2 inoculated
ocularly from reconstituted vophilized vials in doses of 20 10™ 100 3 . 10°
organisms per eves 2a-1P0 80 flexnerr 2a O-pohvsaccharide conjugated o 72
acriginose cxoprotein A piven to cach animal Lpoin o dose of (125 ml ol a
S-pg ml preparation mixed with 0.25 ml of aluminum hydroxide: 2a-8C. S,
flexnert 2Za O-polysaccharide -protein conjugate given to cach animad s.coinadose
of 025 mi of a SO-pgml preparation: son-1P. S0 sonned O-polesaccharide
conjugated to Poaerugosy exoprotem A given o cach animal Lp.in a dose of
0.25 ml of 4 30-pg'ml preparation mixed with 0.25 ml of aluminum hydroxide:
Pn-10, Pncwmococcns tpe 6 polysaccharide conjugated to tetanus toxoid given
o cach animal 1.p. o dose of 125 ml of a 100-pe ml preparation mixed with
0,125 ml of normal saline and 0.25 ml of aluminum hyvdroxide.

ologous O-antigen conjugate in which S, sonnei O-antigen,
which is not cross-reactive with S flevneri O-antigen, was
conjugated to exoprotein A was used in the initial parenteral
immunization (protocol IPM-son). For additional studics on
the protective efficacy of the combined parenteral-mucosal
regimen, immunizations were done by using a subcutancous
(s.c.) route of administration for the parenteral immunization.
The 8. flexneri 2a polysaccharide-protein conjugate vaceine was
administered twice subcutancously (protocol 1P-B-8C). Three
combination regimens were tested (protocols 1PM-SC. 1PM-
B-SC. and MIP-SC). In MIP-SC. the primary dose was given
mucosally, and the boosting dose was given subcutancously. A
regimen using primary and boosting mucosal doses of EeS£2a-2
[protocol M-B(a)} was also included in this experimental
group.

Immunization of animals. Ocular immunizations were done
as described previously (160). In the case of the live EcSi2a-2
vaccine, bacteria were reconstituted as described in “Bacterial
strains and vaccines™ above, and 0.05 ml was inoculated into
cich cye of the animals. For cach immunization. the inoculum
was determined by colony counts on Trypticase soy agar plates:
the average dose was 2 x 107 to 4 x 107 CFU per eye. For ip.
administration of the polvsaccharide-protein conjugate vac-
cines, the vaccine was thoroughly mixed with an cqual volume
of aluminum  hydroxide suspension (Imject Alum: Pieree
Chemical Co., Rockford. 1LY prior to injection. The dose of
the 8. flexneri 2 and the 8. sonnei conjugate vaceines was .25
ml of a S0-pg mi solution. which is five times the dose used for
unmunogenicity studies in mice (3): the dose of the Prcrmo-
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coceus vaceine used as a control was (L125 ml of a 100-pg/mi
solution. s.c. administration did not use the alum adjuvant; at
least four immunizations were given under the front legs and
on the back of the animal at the same doses used for the ip.
immunizations.

Research was conducted in compliance with the Animal
Weltare Act and other Federal statutes and regulations relat-
ing to animals and experiments involving animals and adheres
to principles stated in the Guide for Care and Use of Laboratory
Animals (26a).

Protection studies. Fourteen days after the last immuniza-
tion. the animals were challenged with virulent S flexneri 20
strain 2457T at a dose of 3 % 10810 5 x 10% CFU per eye. as
determined by colony count of the inoculum. After chalienge,
the animals were examined for 7 days for development of
keratoconjunctivitis. The degree of keratoconjunctivitis was
rated on the basis of time of development and severity of
symptoms (16) ke ceverity of infection in the eyes of animats
was rated after challenge by the following four-point scale: (.
no discase or mild irritation: 1. mild keratoconjunctivitis or late
development and/or rapid clearing: 2. keratoconjunctivitis. but
no purulence: 3. fully developed keratoconjunctivitis, with
purulence. A rating for cach animal was determined by the
highest eye rating. Protection was defined as follows: full
protection, no discase or mild irritation (score of 0); partial
protection. mild  keratoconjunctivitis or late  development
and/or rapid clearing (score of 1): combined protection. Tull or
partial protection (score of 0 or 1).

Preparation of cells for ELISPOT assay. Animals were
sacrificed by injection with sodium pentobarbital, and the
spleens, regional lymph nodes (superficial ventral cervical
lymph nodes [SVCLN]. mandibular nodes [MDLN], and mes-
enteric nodes [MSLN]), and Peyer's patches (PP) were har-
vested. After the lymph nodes were teased to release the
lvmphocytes, the cell suspension was put through a sterile
screen to remove debris and washed once with RPMI 1640
medium (GIBCO Laboratories, Gaithersburg. Md.) containing
15 pg of gentamicin (GIBCO) per ml. The crythrocytes in a
single-cell suspension of the spleens were lysed with erythro-
cvte lysing buffer (Sigma Chemical Co.. St. Louis, Mo.) and
washed an additional time with 40 ml of RPMI 1640 medium.
Cells were counted and suspended in RPMI 1640 medium with
10% fetal calf serum. 2 mmol of 1 -glutamine per liter, and 15
pg of gentamicin per ml at 2.5 x 10° cells per mi.

ELISPOT assay. The O-antigen-specific ASC response of

the animals to immunization and challenge was determined by
using a modification of the ELISPOT assay based on the
method of Czerkinsky et al. (7). Briefly. cach well of 96-well
microtiter plates (Nunc-Tmmuno Maxisorb plates: Nunce, Ros-
kilde. Denmark) was coated with T g of S. flexneri 2a LPS
(prepared by the method of Westphal and Jann [41]) in 20 mM
Na.CO, buffer (pH 9.6) or with carbonate bufter alone. After
being washed once with PBS. the plates were blocked with 547
fetal calf serum in PBS for 1 h and washed with PBS prior to
use. Prepared cells were dispensed at 100wl per well, and the
plates were incubated for 4 h at 37°C in a humidificd CO,
incubator. After incubation. the plates were washed four times
with PBS-0.0577 Tween 20 (PBS-Tween). 100 wl of anti-guinca
pig 1gG. TgA. or 1gM (ICN Laboratories) per well was added
(anti-guinca pig IgG. 1:1.200 dilution in cascin solution, con-
sisting of 20 g of cascin and 2.0 g of sodium azide in PBS per
liter [pH 7.2 to 7.4]: anti-guinca pig IgA and 1gM. 1:800
ditution), and the plates were incubated at 4°C overnight. After
the plates were washed with PBS-Tween, 100 pl of goat
anti-rabbit IgG conjugated to alkaline phosphatase (Sigma) at
a 1:1.200 dilution in cascin was added to cach well, and the
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plates were incubated for 2 b at 37°C. After the plates were
washed with PBS-Twecen, to cach well was added 100wl of a
melted agarose-substrate overlay (0.777 type L low-EEO {elee-
troendosmosis] agarose [Sigmal in 100 ml of barbital buffer
|pH 9.6} [Sigma] containing 0.4 ml of 1 M MgCl. and 2 ml of
BCIP [5 mg of p-toluidine salt of S-bromo-4-chloro-3-indolyl
phosphate toluidinium per ml {Sigma} in 1 ml of NN-dimethyl
formamide]). Antigen-specific ASC were visualized as blue
spots, which were counted with o stercomicroscope and re-
corded as ASC per 107 cells.

ELISA. An enzyme-linked immunosorbent assay was used to
quantitate the serum antibody response to S, flexaeri 2a 1LPS as
deseribed previously (16) but with modifications to measure all
isatypes. The LPS antigen was diluted to a concentration of 10
pg/mi in carbonate coating buffer (described above). the wells
of polyvinvl microtiter plates (Dynatech Laboratories. Inc..
Chantilly, Va.) were coated with 50 pl of LPS solvtion ar
carbonate bufler alone. and the plates were incubated over-
night at 4°C. After being washed. the plates were blocked with
casein solution for 1 h at 37°C. After washing the plates with
PBS-Tween, guinea pig sera. serially diluted twofold in cascin
butfer, were added to the wells, and the plates were incubated
for 2 h at 37°C. After washing the plates. S0 pl of anti-guinca
pig [gG. IgA, or [gM (ICN Laboratories) in the dilutions used
in the ELISPOT assay was added to cach well. and the plates
were incubated for 2 hat 37°C. After the plates were washed,
SOl of a 1:1.200 dilution in casein of goat anti-rabbit 1gG
conjugated to alkaline phosphatase (Sigma Laboratories) was
added to cach well. After a 2-h incubation at 37°C. the plates
were washed with PBS-Tween and 100wl of the substrate (a
I-mg/ml concentration of p-nitrophenyl phosphate in 1 M
dicthanolamine buffer. {pH 9.8]. containing 0.5 mM MgCl.)
was added to cach well. Optical density was read at 405 nm.
Endpoint titers were defined as the Tast dilution having an
optical density of 0.1 or greater above that of the background
wells (carbonate buffer only). Titers of sera obtained from the
animals prior to immunization were used to determine back-
ground titers: these values were <25 for [gA and 1gM and <50
tor IgG in all animals.

Statistical analysis. To determine the magnitude and timing
of the local response to critical Shigefla antigens. the ASC
counts for the SVCLN. spleen. PP, and other nodes (MSLN
and MDLN) were plotted tor cach animal. Similar plots were
constructed for cach immunization group for ASC duta ob-
tained at 13 days postimmunization (7 = 2 in cach group) and
7 to 8 days postinfection (1 = 2 in cach group). Geometric
mean serum titers ( = standard error) were used to summarize
the serum immunc response (1gG. [gAL and 1gM) obtained at
13 days postimmunization (1 = 4 in cach vaccine group).
Frequencey distributions of the infection severity rankings and
corresponding protection rates were used to summarize pro-
tection data from challenge experiments (1 = 4 to 8 for cach
group). Two-way analysis of variance (ANOVA) was uscd as
part of the overall data analysis strategy to assess the difter-
ences in outcome measures due to the ceftfects of (1) route of
administration (M. 1P, IPM). (ii) boosting dosc (presence or
absence), and (i) the interaction of route and booster (33).
Serum titer data were log transtormed (base 10) in all analvses.
In the case of the infection severity ratings (ordinal data). this
corresponds to the rank-transtorm method (6). When overall
differences (bv ANOVA) were significant (£ < 0L.03), specific
comparisons (by ANOVA mean square error) were made (e.g..
all mucosal [M. M-B, IPM. and IPM-B] versus parenteral only
(TP and IP-B}). The unpaired ¢ test (ASC or tog titer data) or
Wilcoxon rank sum test (severity ranking ) was used to compare
two groups (33). All 2 values for comparing two sroups are two
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sided. ‘The Minitab software system (version 8.2: Minitabh, Inc..
Suate College. Pa.) was used to carry out all statistical analvses.

RESULTS

Measurement of O-antigen-specific ASC in the spleen and
regional lymph nodes of infected animals. To establish that the
guinca pig Keratoconjunctivitis model can be used to measure
local immune response o eritical Shigella antigens induced by
infection and to examine the timing of this response. an
ELISPOT assay was used to detect S flevaeri 2a O-antigen-

specific ASC in the spleen. PP, and regional lymph nodes of

guinca pigs ocularly infected by S, flexneri 2a strain 2457T. The
lymph nodes examined were the MDLN, MSLN. and SVCLN,
which drain the eve and other head regions.

Animals were infected with strain 24577, and O-antigen-
specific 1gG-. IgA-0 and 1gM-ASC were measured in the
spleen. PP.and regional lvmph nodes in one or two animals for
cach time point for 0 to 44 days postinfection (Fig. 1). The
spleen. PP. and regional lvmph nodes from two uninfected
animals were examined on day 0 for background counts and
were pegative for specific ASC. After infection. the O-antigen-
specific ASC response for all three isotypes peaked around 12
days, dropped by 15 days. and waned by 37 to 44 davs
postinfection, when only a few specitic ASC were observed.

As shown in Fig. 1. the majority of O-uantigen-specific ASC
were located in the SVCLN and the spleen 8 to 12 days
postinfection. with the number being at [cast twotold higher in
the SVCLN. By days 15, I8, and 28. the numbers of O-antigen-
specific ASC were about equal in the spleen and SVCLN. At
all time ponts. the MSLN and PP. which are distal to the site
of infection, contained only a few specific ASC and are
presented combined with the MDIN as “other™ in Fig. 1.

Local immune response to S. flexneri 2a O-antigen after
immunization. The Jocal immune response was examined in
animals immunized with and without a boosting dose tor cach
route of administration (M and M-B. IPM and IPM-B, IP and
IP-B). in nonimmunized animals (NC). and in animals immu-
nized with the unrelated polysaccharide conjugate vaccine
(IPC). O-antigen-specific IgG-. IgA-, and IgM-ASC were
measured in the spleen. SVCLN, MDLN, MSL.N. and PP 13
days after the Tast immunization (1 day prior to challenge) in
animals from cach protocol group (n = 2). as shown in Fig. 2.
Because MDLN, MSEN. and PP showed only scattered spe-
cific ASC. the ASC from these sites are shown combined under
the designation “other.™ Although there was some variation
within cach immunization group. clear patterns of ASC re-
sponse emerge from the data. A two-way ANOVA (route [M,
TPM. or IP] by boosting dose [presence or absenee]) indicated
significant differences in mean ASC counts between routes
(IgG. P = 0.047: [gA P = 0.024: [gM. P = 0.014). There was
no detectable booster cffect and no cvidenee that booster
cfieets depended on route (nointeraction). In animals receiv-
ing only parenteral immunizations (IP and IP-B). few O-
antigen-specific ASC were detected in the animals reeciving
only once immunization (IP). while specific TgG-ASC were
detected in the spleens of animals receiving three immuniza-
tions (IP-B). There was little O-antigen-specific 1gA-ASC
response in animals from cither the 1P or 1P-B group, and no
specific ASC were found in the SVCLNL In contrast, animals
receiving at least one mucosal immunization (M. M-B. IPM,
and 1PM-B) had significantly (P < 0.001) higher numbers of
O-antigen-specific ASC of all isotvpes than those receiving
only parenteral immunizations, and specific ASC were found in
the SVCLN as well as in the spleens of these animals, These
results demonstrate that O-antigen-specific ASC were detected
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FIG. 1. Number and distribution of O-antigen-specific ASC per 10°
cells found in the regional lvmph nodes, Pever's patches. and spleen
alter ocular infection of guinea pigs with 8. flexners 2 strain 243771,
O-antigen-specific 1pG-o TgA-C and 1eM-ASC detected in the spleen.
Pever’s patches, and regional lvmph nodes were determined for cach
animal. Background counts were determined by examining ASC in
uninfected animals Ganimals 0A and 0B): these counts were negative,
Animaly were examined on days 4 (animals $A and 4B). 8 (animals SA
and SBY. 12 (animals 12A and 128), 15, I8, 28, 35, 37, 39, and 44
postinfection. For cach animal. ASC counts were determined for the
SVCLN, the spleen, and “other™ sites (MSEN, MDIN. and PP).

in the lvmph nodes draining the site of immunization (ic..
SVCLN) only if there was @ mucosal immunization. Average
ASC counts for the IPM group were somewhat higher than
those for the M groups (M or M-B). and the combined
regimens (IPM and IPM-B) had a larger proportion of Q-
antigen-specific 1gM-ASC than any of the other groups, sug-
gesting enhanced activation of antigen-specitic virgin B celis,
Average 1gG- and 1gA-ASC responses were somewhat in-
creased when boosting regimens (M-B and 1PM-B) were
administered. Immunization with the Prctmnococeus polysac-
charide conjugate (1PC)Y produced no detectable O-antigen-
specific ASC

Protective efficacy after immunization. Fourteen days after
the last immunization. the animals were challenged with
virulent 8. flexneri 2a strain 24571, The results of the challenge

2




416 HARTMAN ET Al.
Wl Vel
Vd SPLEEN

2450 f
196
200
JOTHER

150 > i
100 !
50

o | -2 1

°M - B 1P 1~ NC 1PC

ASC/10% cers

L

/108 cers

A5

D - N~ E

i S S S W U W

M M B 1PM

FIG. 2. O-antigen-specilic ASC counts per 10° cells 13 days postim-
munization. Two (three in the case of the IPM group) animals from
cach immunization group (described in Table 1) were analyzed. For
cach animal. positivee 1gG-, TgA-, and 1gM-ASC counts were deter-
mined for the SVCLN. the spleen. and “other™ sites (MSLN. MDLN.
and PP).

studies. assessed by the rating of the severity of keratoconjunc-
tivitis. arc summarized in Table 2. Statistically significant
reductions in severity from that of nonvaccinated animals (NC)
were obtained in all cases when the vaccine regimen contained
a mucosal immunization with the EcSt2a-2 vaccine (cither M.
M-B. IPM. or IPM-B comparcd with NC: maximum 7 value.
0.02; Wilcoxon rank sum test). When the parenterally admin-
istered 8. flexnert O-antigen conjugate vaccine was given alone
(IP) or boosted (IP-B) or when the unrelated polysaccharide
conjugate vaccine (IPC) was given, infection severity was
essentially identical to that seen in nonimmunized control
animals (NC). By using a two-way ANOVA. the overall effect
of route of administration (M. IP. or IPM) on protection rates
was highly significant (P < 0.00001). Although the overall
difference between boosted and nonboosted protocols was not
significant (P = 0.083). there was a significant interaction cffect
(P = 0.040) duc to the booster effect seen only in the mucosal
group (M. M-B). i.c., a boosting dose in the mucosal group
(M-B) significantly incrcased protection over that of the
nonboosted group M (M versus M-B. P2 = 0.031). Notably,
there was no significant difference (P = 0.827; Wilcoxon rank
sum test) between the protection achieved with the non-
hoosted combined regimen (IPM) and that obtained with the
boosted mucosal regimen (M-B). and both IPM and M-B
regimens gave significantly greater protection than the M
immunization regimen alone (IPM versus M, P = 0.036; M-B
versus M. P o= 0.031). Thus. the combined regimen (IPM)

Intecn, Ianaes,

TABIE 2. Vaccine protection against virulent challenge

No. of animals with Protection rate (no. of animals

Protacol” severity rating ol protected totd no.y?
0 ! 2 3 Full Parti Combined

M 1] 3 1 2 06 (0) 36 (30) 3050
IPM 2 3 0 ] 25 (4 25(60) S5 100y
p 0 (} 0 4 04 () 40y (Hd (0
NC 0 0 0 6 0-6 (0) 06 () 06y
M-B 2 4 0 0 2.6(33) 46 (67) 6:0 (100)
IPM-B 1 N 1] () 16(17) 5.6 (R3) 66 (100)
NC 0 0 0 5 0.5 [INN)] 0-5(0)
IP-B 0 1 ) 7 08 (0) 1'8(13) I 8¢13)
1PC 0 0 0 6 0.6 () 06 (hH (0.6 (1)
NC 0 0 0 O 06 (0) 6 () 06

¢ Challenge was made 2 weeks after the st immunization with 3+ 1 CFU

of 8. flexners 2u strain 2437T in cach eve,
" Protocols are deseribed in Table [

© Severity ratings: 0. no discase or mild irsitation: T mild keratoconjunctivitis

or late development and or rapid clearing: 2. heratoconjunctivitis. but no

purulence: L fully developed keratoconjunctivitis, with purulence.

4 Protection was defined as follows: Tull. no discase or mild irritation (score of
) partial. mild keratoconjunctivitis or Lite development and or rapid clearing
(seore of 1) combined. full or partial protection (score of Bor 1),

Values in parentheses are pereentiges,

achieved protection comparable to that obtained with the M-B
regimen without the necessity of a boosting immunization. The
addition of a boosting dosc to the combination regimen
(IPM-B) did not significantly increase protection over that
seen in animals receiving the IPM regimen (P = 0.41).

Homologous priming needed in combination regimen for
enhanced protective efficacy. To determine whether the prim-
ing influence of the parenterally administered O-antigen-
protein conjugate was the result of serotype-specific stimula-
tion, a heterologous S. sonned O-antigen conjugate was used in
the initial parenteral immunization (IPM-son). The protective
cfficacies and local immune responses were compared between
these animals and animals immunized by regimen IPM by
using the homologous O-antigen conjugate (Table 3). Animals
from the TPM-son group did not produce an ASC response
comparable to that found in the IPM animals (Table 3).
Although the infection severity scores in the heterologous
group (IPM-son) were significantly less than those of nonim-
munized animals (7 = 0.016: Wilcoxon rank sum test). they
were significantly greater than those of the homologous group
(i.c.. IPM: P = 0L009). The corresponding obscrved protection
rates were 38% (3 of 8 animals) for the 1PM-son group and
100% (8 of 8 animals) for the IPM group. indicating that
homologous priming is necessary for the enhanced protective
cfficacy observed in the IPM animals.

Combined subcutaneous-mucosal immunizations produce
enhanced protective efficacy. To further explore the enhanced
protective efficacy observed in the combined parenteral-muco-
sal immunization regimen. additional experiments using three
combined subcutancous-mucosal regimens (IPM-SC. IPM-B-
SC. and MIP-SC: Table 1) were performed. Fourteen davs
after the last immunization. animals were challenged with the
virulent S, flexneri 2a strain 2457T. The results of this chal-
lenge, shown in Table 4. indicated that significantly greater
protection against virulent challenge than that seen in control
animals (NC) was observed for all of the combined regimens
(IPM-SC. P = 0.01 3 IPM-B-SC. P = 0.03: MIP-SC. P = 0.i47)
and for M-B(a) (P = 0.006; Wilcoxon rank sum test), in which
animals received primary and boosting doses of EeS12a-2. No
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TABLE 3. Protective efficacy’ and local immune response!
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“after homologous and heterologous priming in combination regimens

No. of animals with severity rating ol

Protection rate (no. ol animals

Na.ob ASC 0 cells
protected tatad no.)

Prowcol

0 | 2 R Tull Partial Combined 1eGi e A IeM
1PM 1 7 0 0 Vs (13) 78 (88) S8 (1) N6 S0 116
IPM-son 4] 3 3 2 a:8 (a) R RN 3N (3X) [N M 23
NC () 0 0 4 4 (0 04 () 4 (0)

S Anmals were challenged 2 weeks after the last immunization with §
protection fesels are deseribed in Table 20 Toomotes ¢ and .

10Y CEU of 80 flevierd 2a strain 24577 incach eve. The severity vatings ol omimials and

" Average number of O-antigen-specific ASC per 107 celis from the spleen. SVOEND PPOMDEN and MSEN 13 days postimmunization lor theee (1PM) and two

(IPM-son) animals.
* Protocols are deseribed in Table 1.
“Values in parentheses are pereentages.

protection against virulent challenge was observed in the group
immunized twice with the protein-polysaccharide conjugate
vacane (IP-B-SC). Protection in animals immunized by the
IPM-SC regimen was comparable to that observed in animals
immunized by the M-B(a) regimen. The results of the experi-
ments shown in Tables 2 and 4 show that a primary combined
parenteral-mucosal immunization regimen using cither the i.p.
or s.c. route for the parenteral immunization produces cn-
hanced protection agamst challenge without the addition of a
boosting immunization. The MIP-SC regimen, although pro-
ducing significant protection over that observed in the control
animatls. did not produce the enhanced protection vbscrved in
the IPM-SC group (MIP-SC, 507 IPM-SC, 100%). These
results indicate the importance of timing and order (ic..
mucosal and then parenteral or parenteral and then mucosal)
of the immunizations in the combined regimens.

Local immune response to S. flexneri 2a O-antigen after
challenge. Two animals from cach immunization regimen were
sacrificed 7 or 8 days after challenge with virulent S, flexneri 2a.
and the numbers of O-antigen-specific ASC in the spleen. PP,
and regional lymph nodes were determined (Fig. 3). The
largest numbers of postchallenge O-antigen-specific ASC were
tound in the animals which had been immunized three times
i.p. with the S flexneri 2a polysaccharide-protein conjugate
vaccine (IP-B). Animals receiving the 1P-B regimen had sig-
nificantly higher numbers of specific 1gG-ASC than those
receiving the other boosting regimens (IP-B versus M-B, 2 =
0.027: IP-B versus IPM-B, P = 0.0052). In fact. the TgG-ASC
count for the IP-B animals was threefold higher than that

TABLE 4. Vaccine cflicacy against virulent challenge” in combined
regimens using subcutancous-mucosal immunization

No ol ammals with Protection rate (no. of animads

Protocol” severily rating of: protected total noy)

n | 2 3 Full Partial Combined
pP.SC 0 | | 4 6 (0y Lo (17 1.6(17)
1PM-SC 2 2 0 il 20 (3 2.4 (5 4.4 (100)
NC [V U 04 (i (k4 (0) 0-4 (1)
M-B(a) [ 4 | U] Lo(Im) 4.6(67) S0(N83)
IPM-B-SC 2 1 1 0 245 1425 3475
1P-B-SC {] {] (1 [ 0.6y 0/6 ({1 06
MIP-SC 1 ! [ ! 174 (25) b4 (25) 24 (5
NC i) H 0 4 ey (RSN 04

Anmals were chidlenged 2 weeks atter the List immunization with 3+ 10°
CHU OF S, flexners Zastrain 24571 per mb per eve. Severits natings and protection
levels are deseribed in Table 2; tootnotes ¢ and of

" Protocols are desertbed in Table 1

¢ Vadues in parentheses are percentages,

found in the M-B anmimals (average [gG-ASC count. [ 488
versus 438, respectively) and although the differences in spe-
cific TgA- and 1gM-ASC counts were not significant. these
differences were also about threefold higher than those found
in the M-B group (average IgA-ASC count, LOST versus 348:
average [gM-ASC count. 1.200 versus 2333, In addition, more
than 507¢ of the postehallenge O-antigen-specific ASC were
located in the SVCLN. These results suggest that this conju-
gate vaceine successfully primed the immune system. but since
local priming at the site of infection did not oceur prior 1o
challenge. the secondary response seen after infection was too
late to provide protection. The second highest ASC counts
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FIG. 30 O-antigen-specific ASC counts per W7 eells 8 days pastin-
tection. Two animals from cach wmunization group (deseribed in
Table 1y were anadvzed. For cach animal. positive TaGe- TgA-C and
1gM ASC counts were determined Tor the SVOENL the spleen. and
“other™ sites (MSEN MDEN and PPy,
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FIG. 4. Serum antibody titers against S flexneri 2a O-antigen (3 davs after immunization. Four animals from cach immunization group
(described in Table 1) were analyzed. The geometric mean titers for serum IeGl lgALand 1eM are shown. Background titers were determined from
preimmunization bleeds tor cach animal (<350 for 1gG: <25 for 1gA and 1gM) and used to calculate endpoint titers as deseribed in Materials and

Methods. Standard deviations of the means are indicated.

occurred in animals immunized by protocol IPM-B (average
IeG-ASC. IgA-ASC. and IgM-ASC counts were 848, 671, and
502, respectively). suggesting that the parenteral immunization
in this group might have increased the priming response.
Animals that received only a primary immunization in the
vaccination regimen (M. IP. and 1PM) did not have a higher
proportion of postchallenge O-antigen-specific 1gG ASC. as
was seen in the animals with a boosting regimen (M-B. IP-B.
and IPM-B). Animals that received a combination of paren-
teral and mucosal immunization with no boost had a higher
proportion of O-antigen-specific IgA-ASC than those that
received other regimens.

Serum response after immunization. The scrum antibody
response against S, flexneri 2a LPS was examined with and
without a boosting dose for cach route of administration (M.
M-B: IPM. IPM-B: IP. IP-B). for nonimmunized animals
(NC). and for animals immunized with the unrelated polysac-
charide conjugate vaccine (IPC). The serum 1gG. IgA. and
IgM geometric meair titers (n = 4) are shown in Fig. 4. A
two-way ANOVA comparing routes (M. IPM. and IP) with or
without boosting indicated a highly significant booster ceffect
tor cach isotype as evidenced by increased geometric mean
titers (minimum of 10-fold) in the boosted regimens (IgG. P <
0.0005: IgA. P < 0.0005: [gM. P < 0.0005). Although a
boosting dosc increased the serum response for all three
routes, the degree of increase varied with route, indicating that
there was interaction. Within the groups receiving a mucosal
immunization (M. M-B. IPM. and IPM-B). there was no
significant difference (P > 0.05) for any isotype in geometric
mean titers between M and IPM or between M-B and IPM-B.
However, animals receiving mucosal immunizations without
boosting (M and TPM) had significantly greater geometric
mean titers compared with those receiving a single parenteral
immunization (IgG, 304 versus 43, £ = (L0307 TgAL 315 versus
0. P < 0.0001: TgM. 740 versus 130, P = 0.021). Geometrie
mean titers for IgA and IgM for boosted mucosal protocols
(M-B and IPM-B) were significantly higher than those found in
the hoosted parenteral protocol IP-B (IgA, 3089 versus 79,7
= .0004: IgM. 9.526 versus 2506, P = 0.07). Notably, there

was no detectable [gA response when a single parenteral
immunization was used alone (IP). and in the boosted paren-
teral regimen (IP-B). the postimmunization TgA titer was
minimal (<100). These results suggest an association between
immunization route and IgA response. However. there was no
apparent correlation between O-antigen-specific serum  anti-
body levels and protection. For example. the IPM animals had
serum antibody titers comparable to those found in the M
group of animals and lower than those found in the M-B
animals, but protection in the IPM animals was equal to that
found in the M-B animals and significantly greater than that
found in the M animals. There were significantly higher 1gG
titers in the animals from the IP-B group than in the animals of
the boosted mucosal protocols M-B and IPM-B (31.398 versus
3368, P = 0.022), indicating that the polysaccharide-protein
conjugate vaccine administered parenterally stimulated anti-
gen-specific IgG production. In the animals receiving the
unrelated polysaccharide conjugate vaccine (IPC). there was a
small rise in IgM titer (<100). possibly representing stimula-
tion of nonspecific 1gM antibodies.

DISCUSSION

Several variables, including the route of administration. the
frequency and timing of immunization. and previous exposure
o homologous strains, can influence the immune response to
protective antigens and thus the protective efficacy aforded by
a vaccine (1. 19). In the current study. the guinea pig kerato-
conjunctivitis model was used to examine the importance of
the route of immunization (mucosal versus parenteral). the
form of antigen presented (live attenuated strains versus
O-antigen-protein conjugate). and the frequency of immuni-
zation (primary versus boosting immunizations) on the devel-
opment of protection against Shicella intection in naive ani-
mals. The local immune response to the LPS O-antigen
induced by immunization or by infection wus assessed by
detecting the O-antigen-specific ASC in the lymph nodes
draining the conjunctivae (i.e.. SVOLN) and in the <pleen. PP,
and other regional lvmph nodes,
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Our results indicated that, in naive animals, o mucosal
immunization via the conjunctival membrane was required for
a strong O-antigen-specitic ASC response in the SVCLN and
for protection against infection. A boosting mucosal vaceina-
tion increased protective cfticacy. Parenteral immunization
alore with an G-antigen subunit vaccine did not stimedate an
O-antigen-specific ASC response in the SVCLN even after
three immunizations and did not protect against challenge by
virulent shigellae. These results emphasize the correlation
between the presence of O-antigen-specific ASC in the SV-
CLN and protection against discase. However. a combined
parenteral-mucosal immunization regimen. with cither an s.c.
or Lp. immunization followed by & mucosal immunization,
clicited enhanced protection against Shigella challenge without
the addition of o boosting immunization.

Previous studies reported a possible correlation between
O-antigen-specific serum antibody levels and protection against
discase (2. 4). but recent evidence indicated that scrum levels
may be only a partial reflection of immunity to discase (5). In
this study. there was no apparent correlation between levels of
serum antibody and protection against discase. For example.
the combined mucosal-parenteral regimen (IPM) produced
significantly greater protection against discase than the mucosal
immunization (M}, but animals vaccinated by the 1IPM regimen
did not have significantly higher O-antigen-specific serum an-
tibody titers for any isotype. It should be noted that serum IgA
fevels were sigmificantly higher in animals receiving a mucosal
immunization. but there was no significant correlation between
serum TgA levels and protection.

Examination of antigen-specific ASC after oral cholera
vaccination in humans showed that the number of anti-cholera
toxin B subunit ASC in the peripheral blood mononuclear cells
was considerably Jower than that in the doodena) mucosa (32).
These findings are in agreement with results found in the
cvnomolgus monkey model of trachoma where the local im-
mune response found in chlamvdia-infected monkeys was
higher i the regional dravining lymph rodesand conjuretivae
than in the peripheral blood mononuclear cells and more distal
nodes (28). In the guinea pig Keratoconjunctivitis model.
antigen-specilic activated B-lvmphoceytes can be quantitated in
the SVCLN. the regional lymph nodes draining the conjuncti-
vae. as well as in the spleen and more distal nodes. and in this
study. the presence of O-antigen-specific ASC responses in the
SVCLN waus associated with protection. These results demon-
strate that measurement of the local immune response in
lymphoid tissue associated with the site of immunization may
be a better predictor of vaccine efficacy and immunogenicity
than measurement in distal sites. For initiad vaceine evalua-
tions, such studies can be done more casily in an appropriate
animal maodel.

The enhanced protective cfticacy shown by the (o abined
parenteril-mucosal immunization regimen used in this study is
in agreement with previous work with Shigella spp. (22). F. coli
heat-labile enterotoxin (23). and cholera 1oxin (30). showing
that parenteral priming followed by a mucosal immunization
cnhanced mucosal immune responses and, in the cholera toxin
study. protection. However. it should be noted that other
studies have indicated that parenteral priming had no effeet on
subscequent immune responses (14) or was suppressive (15, 29,

31). although Pierce did observe that the suppressive effect of

parenteral immunization was largely reversed by o subsequent
enteric immunizition (29). Since it has been suggested that
priming for a mucosal response is affected by dosage number
and interval as well as immunization route(s) (29). further
studies to determine oxtimum immunization regimens should
be made.
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[t is interesting to note that there was a turger proportion of
O-antigen-specific IgM-ASC evident postimmunization in the
animals from protocol IPM. suggesting that different compart-
ments of antigen-specitic virgin B cells had been stimulated by
the two rontes of immunization. The use of alum as an
adjwvant in the parenteral immunization would also likely
increase the magnitude of the priming response. This would
potentially result in a larger population of antigen-activated B
cells available at the time of challenge than is found when only
one route of immunization is used and could contribute to the
enhanced mucosal response and protection obsenved in the
animals immunized by the combined parenteral-mucosal reg-
imen. Since g combination parenteral and oral vaccination
regimen has the potential to increase focal immune responses
and enhance protective efficacy with fewer inocutations, addi-
tional studics with this combined regimen are planned.

The higher numbers of - O-antigen-specitic ASC - found
postchallenge in the IP-B animals suggests that the immune
system had been sufficiently primed to produce a large second-
ary response in the lvmph nodes draining the site of infection,
However. since there was no local priming prior to infection.
migration of O-untigen-specitic ASC to the SVCLN was too
late to provide protection against discase. 1t has been shown in
other systems that previous exposure o a mucosal pathogen
can be stimulated after a parenteral ingection. Earlier studies
showed that Pakistani women with previous exposure to chol-
cra responded with increased seerctory IgA titers in breast
milk after a parenteral cholera immunization while no such
rise in seeretory TgA titers was seen in Swedish women who
had no previous exposure to cholera (39, 40). In populations
where Shigella infection is a common occurrence. it is possible
that parenteral immunization can stimulate immunological
memory from carlier exposure to homologous strains, This
possibility can be tested in this model by parenteraily immu-
nizing previously infected animals with the protein-polysaccha-
ride conjugate vaccine or with heat-Killed shigellae and mea-
suring the O-antigen-specific ASC response.

The experiments reported here indicate that frequeney and
route of immunization and the form of the antigen are
important variables affecting the development of protection
against Shigella infection in the guinea pig keratoconjunctivitis
model. The results of this study emphasize the importance of
mucosal immunization in the development of protective im-
munity in naive animals, Further experiments using this modet
can provide valuable intormation on the atnbiy ol immuniza-
tion regimens to stimulate a local immune response and confer
protective immunity. although it should be emphasized that
any animal model should be used only as a gnide for tests in
humans.
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